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Resumen: Las causas de la rareza de las especies son de mucho interés debido al alto riesgo de extinción asociado con la rareza. Los estudios que examinan a las especies raras una por una tienen una generalidad limitada, mientras que las estrategias basadas en las características ofrecen los medios para identificar las causas funcionales de la rareza que pueden aplicarse a las comunidades con pools dispares de especies. Las diferencias de las características funcionales entre las especies comunes y las raras pueden ser indicadoras de las causas funcionales de la rareza de las especies y por lo tanto puede serútil para elaborar estrategias de conservación de especies. Sin embargo, existe una carencia conspicua de estudios que comparen las características funcionales de las especies raras con las de las especies comunes co-presentes. Medimos 18 características funcionales importantes de 19 especies raras y 134 especies comunes de plantas de sotobosque de la región de las Dunas de Carolina del Norte y comparamos sus características de distribución para determinar si hay diferencias funcionales significativas que pueden explicar la rareza de especies. Las características de florecimiento, fuego y química de los tejidos difirieron significativamente entre las especies raras y comunes que ocurren en el mismo sitio. Las diferencias en las características específicas sugieren que la supresión del fuego ha propiciado la rareza en este sistema y que los cambios en la sincronización y la gravedad del fuego prescrito pueden aumentar eléxito de la conservación. Nuestro método proporciona una herramientaútil para priorizar los esfuerzos de conservación en otros sistemas basados en la probabilidad de que las especies raras son funcionalmente capaces de persistir.

Introduction
There is recognition in community ecology that it is useful to adopt a more general framework that classifies species in terms of their functional properties rather than species identity (e.g., Keddy 1992; McGill et al. 2006; Westoby & Wright 2006) . Such approaches focus on functional traits, which are measureable properties of individuals that are related to performance and are comparable across species (McGill et al. 2006 ). Because trait-based approaches assess properties that are independent of species identity, they can generate results that are applicable to communities with disparate species pools (McGill et al. 2006; Westoby & Wright 2006; Webb et al. 2010) . Another major advantage of trait-based approaches is that because functional traits are tied to fitness, vital rates, and performance across environmental gradients, they allow one to develop models that use known trait-environment relationships to predict performance in novel or changing environments (Webb et al. 2010) .
Because functional traits are related to performance (McGill et al. 2006; Webb et al. 2010) , traits may be a pathway to understanding the rarity of certain plant species, which often have small population sizes that constrain direct study of vital rates. The causes of species rarity are of critical concern, particularly for conservation, because of the high extinction risk associated with rarity (Flather & Sieg 2007) . Therefore, identifying and prioritizing appropriate targets for conservation actions based on the cause of rarity, likelihood of continued decline, and potential success of management strategies is essential for allocating limited conservation resources (Sisk et al. 1994 ).
There are myriad reasons why plant species may be rare in a landscape, such as climate shifts that leave populations persisting in suboptimal parts of their range and anthropogenic causes such as land-use changes and fire suppression that result in a drastic reduction in habitat quality. Some of these drivers of rarity are more amenable to management action than others. For example, species declines due to habitat degradation resulting from fire suppression may be successfully restored through a management program based on prescribed burning (Van Lear et al. 2005; Mitchell et al. 2006) . However, if a species is rare because its functional traits no longer confer high relative fitness in its respective local environment, for example, as the result of climate change, then conservation efforts aimed at maintaining that species in that environment are likely to be futile (Lavergne et al. 2006 ). Therefore, identifying species whose traits are no longer functionally compatible with specific environments should be a key conservation goal. This can prove to be difficult to do in the absence of a complete understanding of trait-environment relationships in the system. In the absence of this understanding, a pragmatic approach to determine whether rare species are well matched to their environment is to compare their functional traits with those of common, co-occurring species, a topic that is poorly understood (Bevill & Louda 1999) . Identification of trait values or combinations that are unique to rare species, or absent from them, provides insight into the mechanisms responsible for restricted distributions and abundance and may therefore be useful in crafting conservation strategies.
Little is known about the trait values of rare species or about functional trait differences between rare species and common, co-occurring species. Several studies at the community level show that restoration of native plant communities is enhanced when native plants are chosen so that their traits are similar to invading species (Funk et al. 2008; Hulvey & Aigner 2014) . Although metaanalyses have related plant traits from the literature to the success of various restoration efforts post hoc (e.g., Pywell et al. 2003) and have compared closely related rare and common species (e.g., Kunin & Gaston 1993; Bevill & Louda 1999; Murray et al. 2002) , there is a conspicuous lack of studies relating the multidimensional trait profiles of rare species with those of the common members of their community (Bevill & Louda 1999 ; but see Mouillot et al. 2013 ).
There are 3 qualitatively different outcomes that might be expected from a comparison of the traits of rare and common species: Rare species may occupy the same region of trait space, occupy a unique region, or be restricted to a subset of the trait-space occupied by the common species. If rare species occupy the same region and volume of trait-space (Fig. 1a) , this would indicate that differences in these functional traits are unlikely to be responsible for rarity across the landscape. Instead, presence and abundance may be determined by different functional traits than those measured, other factors such as demographic stochasticity (Lande 1988) , or trophic interactions that are independent of measured traits (Bond 1994; Potts et al. 2010; Lever et al. 2014 ). This would provide evidence that species are not mismatched to their environment and may respond favorably to traditional conservation measures. Conversely, if species occupy unique regions of trait space (Fig. 1b) , it may indicate that their particular suite of traits are no longer compatible with the environment at these sites or that they are less fit relative to the traits of more common species. If the environment cannot be restored to suit rare species, conservation efforts may be unsuccessful at these sites. Finally, restriction to the margin of trait space (Fig. 1c) is more ambiguous. Trait values at the margin may indicate that species are marginally compatible with the environment or well suited to only a small range of microclimates. This may make them more vulnerable to factors such as local disturbance or demographic stochasticity. Conservation efforts in this case may focus on creating more favorable microclimates or increasing the connectivity of populations. Our objectives were to explore the functional trait space occupied by common and rare plant species in the Sandhills physiographic region (southeastern United States) and to determine the relationship between the trait space of rare and common plant species; the traits responsible for rarity; and whether these traits can be used to inform management decisions. We collected a suite of 18 functional trait measurements from 134 common and 19 rare plant species representing 94 genera from 50 families to assess whether trait profiles were distinctive.
Methods
Site Description
The Sandhills physiographic region is in North Carolina (U.S.A.) at Fort Bragg Military Reservation (35°8 21"N, 78°59 57"W) near Fayetteville. The region has sandy, well-drained soils and clay subsoils. Substantial mesoscale variation in elevation (range = 43-176 m) across the 73,468-ha base gives rise to a sandy, xeric upland matrix with abundant wetlands in low-lying areas. The upland matrix is dominated by longleaf pine (Pinus palustris)-wiregrass (Aristida stricta) savanna, whereas the lowlying wetter areas are characterized by pond pine (Pinus serotina) and mixed hardwood overstory with a dense layer of mixed evergreen and deciduous shrubs. The flora is extremely diverse. There are 1185 recorded taxa, including over 60 species listed as rare, 15 listed as species of concern, and 3 listed as endangered under the Endangered Species Act (Gray et al. 2003; Sorrie et al. 2006; Gadd & Finnegan 2012) . Such diversity within a relatively small area provides an excellent natural laboratory to investigate differences between rare and common species to determine whether their trait profiles are distinct and may explain species rarity across the landscape. Fort Bragg is divided into burn units (mean area = 45 ha) that have been burned primarily early in the growing season on a 3-year rotation since 1991 to mimic historic average fire-return intervals (Frost 1998; Stambaugh et al. 2011 ) that maximize understory biodiversity in other longleaf systems (Glitzenstein et al. 2003) . Prescribed burning is implemented using low-intensity backing fires to maximize control of the fires and prevent fire escape into tree crowns.
Species Selection
There are many different classifications of rarity that depend on species geographic range and habitat specificity, as well as the spatial scale of consideration (Rabinowitz 1981). We define rare species as those monitored by the Fort Bragg Endangered Species Branch because of their designation as endangered or threatened species under section 3 of the Endangered Species Act or by the North Carolina Natural Heritage Program (http://www.ncnhp.org/). This study includes 19 such terrestrial plant species. Common species were chosen based on results of a multiyear survey of plant abundance and functional diversity at Fort Bragg Wright et al. 2016 ).
Traits
We measured 18 traits related to plant performance and reproduction from multiple functional categories (Laughlin 2014) . Specific leaf area (leaf area per unit dry mass) is a key component of the leaf economic spectrum (LES), which describes tradeoffs between rapid growth and more conservative strategies (Wright et al. 2004) and is strongly correlated with relative growth rate (Hunt Leaf area is a measure of photosynthetic organ size that is independent of the LES traits (Pierce et al. 2013 ). Percent C in leaves is related to leaf palatability and has indirect effects on plant growth rate because it influences local nutrient dynamics (Chapin 2003; De Deyn et al. 2008) . To assess water-use efficiency (WUE) of species in this water-limited system, we measured the fractionation of C isotopes (δ 13 C) in leaf tissue (Smedley et al. 1991; Stewart et al. 1995; Dawson et al. 2002) . Percent leaf N is correlated with photosynthetic rate (Wright et al. 2004 ). The ratio of C to N is correlated with productivity (Craine et al. 2002) and indirectly affects growth by altering nutrient cycling (De Deyn et al. 2008) . Plant height measures the ability of plants to compete for light (Gaudet & Keddy 1988) and is strongly correlated with dispersal distance (Thomson & Moles 2011) . To determine species' reproductive ability, we used the onset date and duration of flowering and the embryo to endosperm ratio (E:S) of plant seeds, which is correlated with the ability of seeds to survive in the seed bank (Forbis et al. 2002; Probert et al. 2009 ).
Conservation Biology
We included a suite of traits related to flammability to reflect the unique pressures placed on plants in a pyrogenic environment (Gagnon et al. 2010; Pausas & Moreira 2012) . We selected 7 traits to reflect the 4 primary components of flammability: ignitability, sustainability, combustibility, and consumability (Anderson 1970; Martin et al. 1994; White & Zipperer 2010) . We measured the time to ignition, maximum flame height (a measure of the ability to propagate and sustain fire), maximum burn temperature, mass-specific burn time, percentage of matter consumed, mass-specific smolder time, and the maximum degree of branching.
Sampling Protocol
Trait samples for the 135 common species were collected from 2011 to 2014 (sampling protocol in Ames et al. [2016] ). Trait samples for the 18 rare species were collected from 2014 to 2015. (See Supporting Information for a list of study species and their respective families.) At each known population of each species, we attempted to collect 5 leaves per plant from 10 individuals. Leaf samples were collected in the morning, sealed in plastic bags, placed on ice, and returned to the laboratory where they were weighed and scanned into digital-image software within 1 h of collection. Images were analyzed using WinFolia (Régent Instruments, Quebec, Canada). Following Pérez-Harguindeguy et al. (2013) , leaf samples were dried at 40°C for a minimum of 1 week and reweighed. A subset of leaf samples were ground, encapsulated, weighed, and analyzed for C and N concentrations and WUE by the Cornell Isotope Laboratory (Ithaca, New York, U.S.A.). The reproductive traits and flowering onset and duration were derived for all species from Radford et al. (1968) . Embryo to endosperm ratios were derived from Martin (1946) as described in Forbis et al. (2002) . Another subset of samples was burned under controlled conditions in a fume hood to measure fire traits. For each fire-trait sample, approximately 300 mg of dried leaf tissue was placed on wire mesh 6 cm over a laboratory burner (air and gas flow set to approximately 50%) in a fume hood and ignited. A digital thermometer (Auber Instruments, Alpharetta, Georgia, U.S.A.) connected to a thermocouple was placed 2 cm above the sample to record temperature continuously throughout the trial, and a ruler was placed behind the sample to record flame height. Each trial was digitally recorded and visually inspected to record maximum flame height, maximum temperature, burn time, and smolder time. Burn and smolder times were divided by sample mass to get mass-specific measures. Maximum degree of branching was measured following Pérez-Harguindeguy et al. (2013) .
Data Analyses
For each individual trait, rare and common species distributions were compared using the Brunner-Munzel test (Brunner & Munzel 2000) , a nonparametric test that detects differences in central tendency and is robust to differences in variance and skew between distributions (Fagerland & Sandvik 2009 ). To assess the magnitude of differences between groups, we calculated the effect size for each trait as the difference between the rare and common trait means divided by the global standard deviation. To better visualize differences between groups in multidimensional space, we used the Vegan package in R (Oksanen et al. 2016 ) to perform nonmetric multidimensional scaling (NMDS) (McCune et al. 2002) . Starting with 2, we increased dimensions until stress <0.1, a rule of thumb indicating a good fit to the data (Clarke 1993) . Multivariate trait distributions were compared using permutational analysis of variance (PERMANOVA) (Anderson 2001) with the adonis function in Vegan after we had used the permutest function to asses differences in dispersion that can bias test results (Anderson & Walsh 2013) .
All results are based on 10,000 permutations. To ensure that differences between groups were not driven by environmental differences between habitat types, we tested a series of models that controlled for key environmental factors: hydrological status (xyric, mesic, and hydric), light availability (open canopy, semishade, and closed canopy), fire frequency (5 classes from always to never burns during prescribed burn events), and their interactions. These models were of form xß status + environment, where x is a vector of plant traits, status
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Volume 31, No. 4, 2017 indicates whether the species is rare, and environment pertains to the environmental variables listed above. Models are described in Table 1 . We categorized environmental conditions based on local community types occupied by species as described in Sorrie et al (2006) and the authors' field observations. Not all traits were collected for every species, but each analysis was conducted using all complete cases, resulting in a different number of species used in each analysis. All analyses were performed using R (R Development Core Team 2015).
Results
Univariate Trait Distributions
Analyses of individual traits found that rare species differed in 6 of the 18 traits: %N, C:N, flowering duration, onset of flowering, maximum burn temperature, and maximum flame height (Table 2 ). Mean %N of rare species was on average 0.42 higher (p = 0.001) than %N of common species, a difference of 26%, and effect size was 0.67 SD. Common species' C:N was on average 8.47 lower than C:N in rare species (p = 0.004), and effect size was -0.62 SD. For rare species, the onset of flowering occurred on average 24.5 days later (p = 0.020) and flowering period was almost 20 days shorter (p = 0.026) than for common species, and effect sizes were 0.46 and -0.55 SD, respectively. Maximum burn temperatures averaged 32˚C higher in the rare species (p = 0.007) than in common species, and effect size was large at 1.41 SD. Maximum flame height of rare species averaged 8.3 mm higher (p = 0.045) than for common species, and effect size was modest (0.21 SD). The differences for other trait distributions were not statistically significant (Supporting Information).
Multidimensional Analyses
The final NMDS ordination of the complete trait data was 4-dimensional (stress = 0.074) and showed the distribution of rare species was a subset of the trait space of common species (Fig. 2 & Fig. 1c ). Rare and common species did not differ in their multivariate dispersion (p = 0.552). The joint 18-trait distribution was significantly different from that of common species (PERMANOVA p = 0.042) ( Table 1) . In all models controlling for environmental conditions (hydrology, light availability, and burn frequency), status as a rare species was always significant, but of the environmental factors, only burn frequency was significant (p = 0.006). In the model considering species rarity, burn frequency, and their interaction, species rarity and burn frequency were both significant (p = 0.033 and p = 0.016, respectively) and described 4% and 10% of the variation in traits, respectively, but the interaction between rarity and burn frequency was not significant (p = 0.897). 
Discussion
In this system, rare species occupy a subset of the trait space occupied by the common species, which is consistent with the scenario given in Fig. 1c . This means the range of strategies used by rare plants is constrained relative to common species. Consequently, if these functional traits are related to environmental gradients, then these species may be functionally limited in the range of microhabitats which they can successfully occupy across the landscape. This leaves them more susceptible to multiple inhibiting factors, including changes to the disturbance regime (e.g., fire suppression), land-use change, and climate change. Conversely, the high degree of trait overlap between rare and common species shows that many, if not most, rare species have functional trait profiles close to those of abundant members of the community. This suggests that, in terms of these traits, these rare species are functionally capable of persisting and thriving at many of the same locations. This is consistent with the fact that, although the multivariate trait distributions were different for rare and common species, they were not distinguishable based on most habitat conditions (Table 1) . Variation in multivariate traits explained by rarity is relatively low (Table 1) , most likely because rare plant traits are a subset of common traits. However, rare species differed significantly in 3 important classes of traits: fire traits, reproductive traits, and tissue chemistry traits (Fig.  2 & Table 2 ). These differences may explain the rarity of these species and so have direct implications for management and conservation. For example, rare species exhibit much higher average maximum burn temperature (1.41 SD) and maximum flame heights (0.21 SD), which are measures of combustibility and fire promotion (White & Zipperer 2010 ) and characteristics of fire-adapted plants (Mutch 1970) . The fact that rare species exhibited traits associated with fire promotion is consistent with the hypothesis that rarity in many if not all of these species is, to some degree, a legacy of fire suppression (Sorrie et al. 1997; Weeks 2005; Willis 2008 ). Plants with traits that propagate and intensify fires may have increased fitness under natural fire conditions because they exclude less well-adapted neighbors (Bond & Midgley 1995; Schwilk 2003) . However, these benefits may be nullified by the early-season, low-intensity burns used in this system. This suggests the local application of hotter, late-season fires may be used as a tool to create conditions favorable to these rare species.
Similarly, the late onset (0.46 SD) and short duration (-0.55 SD) of flowering in rare species may have negative fitness consequences that are influencing their abundance. All else being equal, these species have a much smaller time window in which to successfully generate and disperse seeds, and that period occurs late in the season when plants may experience added stress due to elevated temperature and more variable rainfall.
However, late flowering may work to the advantage of rare species under certain conditions. Hiers et al. (2000) found highly variable flowering response to season of fire among a suite of common longleaf pine savanna legumes with different flowering phenologies, and Platt et al. (1988) found similar results for a larger and more diverse group of forbs in the system. But importantly, Platt et al. (1988) showed that although burns later in the growing seasons affected all species, they favored lateflowering species (especially composites) that are capable of rapid flowering responses. Hence, manipulation of prescribed-burn timing may provide an additional tool for conservation. Since establishing regular prescribed burning at Fort Bragg in the early 1990s, managers have primarily burned before or very early in the growing season, although burning historically occurred later in the year due to lighting (Platt et al. 1988 ). Managers at Fort Bragg are aware of the effects of seasonality of prescribed fire and have made an increased effort in recent years to increase the number of prescribed burns that occur later in the season, although it is unclear what effect this has had on rare plant populations to date.
Rarity may also be at least partly explained by observed differences in tissue chemistry. The high %N (0.67 SD) and low C:N (-0.62 SD) in the rare species were associated with a fast ecological strategy of increased growth through allocation of resources to short-lived leaves with increased photosynthetic capacity (Wright et al. 2004; Shipley et al. 2006; Reich 2014 ), but having fast traits can be disadvantageous in a low-resource environment (Reich 2014) . In forest taxa in particular, fast traits result in higher mortality in low-resource environments (Reich 2014 ) such as those on Fort Bragg. This pattern of elevated %N was not driven solely by the presence of rare legumes. Although the 3 rare legumes did have relatively high %N (Astragalus michauxii 3.74%, Galactia mollis 2.70%, and Amorpha georgiana 1.99%), the remaining rare species averaged 1.94%, which is much higher than the common species mean of 1.66% (which includes 3 legumes). Armed with knowledge that these rare species exhibit the traits of fast ecological species, managers can enhance reintroduction success by selecting reintroduction sites at locations with better resources (e.g., with better soils), where fast traits are more advantageous, or allocate limited conservation resources to extant populations that occur in locations with better resources.
Our results also have more general implications for managers. First, the fact that these species occupy a restricted region within the range of trait values occupied by common species means that although they are likely to be restricted to a narrower range of microclimates than common species, they are functionally capable of thriving in this system (at least with respect to these traits). Thus, managers can have greater confidence that resources devoted to conservation and reintroduction efforts will not be allocated to species that are incompatible with the environment. Second, in the event that particular species do not respond to conservation efforts, these results narrow the range of possible causes for local rarity and allow them to focus on other factors such pollinator collapse, dispersal limitation, inbreeding depression, etc. This is the first comprehensive, in situ assessment of the trait relationships between rare species and common, co-occurring members of their community representing nearly 100 genera from 50 different families. Rare species occupied a distinct, restricted subset of trait space in this system, and differences in the distributions of individual traits provided insight as to the causes of rarity and potential management actions. Although it remains to be seen whether these patterns are widespread, they do suggest that comparing the multivariate trait profiles of rare and common species may provide a useful tool to managers that would allow them to quickly assess whether rare species are well matched to their environment relative to other members of their communities. This could help identify and prioritize targets for conservation actions based on the cause of rarity so that the success of management strategies is maximized.
